ABSTRACT: The ubiquitous trend toward miniaturized sensing systems demands novel concepts for compact and versatile spectroscopic tools. Conventional optical sensing setups include a light source, an analyte interaction region, and a separate external detector. We present a compact sensor providing room-temperature operation of monolithic surfaceactive lasers and detectors integrated on the same chip. The differentiation between emitter and detector is eliminated, which enables mutual commutation. Proof-of-principle gas measurements with a limit of detection below 400 ppm are demonstrated. This concept enables a crucial miniaturization of sensing devices.
M idinfrared (MIR) spectroscopy is a powerful tool for chemical sensing applications. Molecules exhibit unique rotational and vibrational resonances, resulting in characteristic absorption patterns in the molecular "fingerprint" region. Probing these distinct resonances allows identifying and quantifying a great many chemical substances. Therefore, MIR spectroscopy is widely used in industrial and environmental monitoring as well as medical and biochemical diagnostics. Due to their small size, high spectral density, and tailorable on-demand emission wavelength, quantum cascade lasers (QCLs) 1 are outstanding light sources for MIR applications. They are utilized in many spectroscopic techniques, such as direct absorption spectroscopy, 2 quartzenhanced photoacoustic spectroscopy, 3 dual-comb spectroscopy, 4 or chirped laser dispersion spectroscopy. 5 Furthermore, chemical sensing with coupled cavities, 6 substrate-integrated hollow waveguides, 7 or micro-opto-electro-mechanical gratings 8 demonstrates the important role of QCLs in this field. Most of these techniques share the typical spectroscopic sensing setup including a light source, an interaction region with the analyte, and a separate detector. All components have to be coordinated and aligned properly, which can be a challenging task. The increasing demand for compact and versatile sensing solutions requires reductions in total sensor size and number of components with simultaneous performance enhancement and simplification of the setup. The demonstration of detector operation 9 of QCLs initiated intensive research in the field of quantum cascade detectors (QCDs), 10 resulting in the demonstration of diagonal optical transitions, 11 plasmonic GaN QCDs, 12 plasmonic lens enhanced light collection, 13 and II−VI high-performance material systems 14 as well as the suitability of QCDs for spectroscopy 15 with higher operation temperatures than quantum well infrared photodetectors, 16 enabled by their unbiased photovoltaic operation without any bias-induced dark current. Due to the different biasing conditions, the emission wavelength of the biased heterostructure is red-shifted with respect to the absorption wavelength of the same heterostructure in the unbiased case. 17 This prevents the application of one and the same semiconductor chip in a single sensing setup. Bifunctional quantum cascade heterostructures are designed to compensate for this wavelength shift and enable monolithic integration of wavelength-matched lasers and detectors. Such bifunctional on-chip sensors have been demonstrated with edge-emitting or -detecting elements and interaction lengths in the micrometer range for liquids 18 as well as surface-emitting or -detecting elements and interaction lengths in the centimeter range for gases. 19 Here, we present a highly integrated MIR remote sensor based on bifunctional quantum cascade structures. The sensor geometry is designed to enable efficient mutual commutation between laser and detector. Two concentric ring waveguides 20 are used for both vertical emission and detection; that is, both monolithic rings can be operated as laser and detector. Overcoming the distinction between emitter and detector, this concept facilitates a crucial miniaturization and simplifica-tion of sensing devices. We introduce the working principle of the sensor and show proof-of-concept gas sensing measurements at room temperature.
Due to intersubband selection rules, devices such as QCLs and QCDs generate and detect only TM-polarized light. In order to enable laser surface emission as well as normal incidence detection, coupling schemes such as second-order distributed feedback (DFB) gratings, 21, 22 photonic (quasi-) crystals, 23, 24 or random optical media 25 are necessary. Our sensor consists of two concentric monolithically integrated ring waveguides with second-order DFB gratings on top, as shown schematically in Figure 1 . This DFB grating enables vertical emission and detection of light. Inner and outer rings have a diameter of 400 and 330 μm, respectively. Each ring is equipped with a separate top and bottom contact to filter the crosstalk between the detector and the pulsed laser. The inset in Figure 1 shows a scanning electron microscope (SEM) image of both ring waveguides and DFB gratings.
Both rings are fabricated from the same high-performance bifunctional quantum cascade material 26 with a spectral overlap of laser and detector operation around 6.7 μm. The active region is based on an InGaAs/InAlAs heterostructure grown by molecular beam epitaxy on InP. A more detailed description of the epitaxial layers can be found in ref 26 . This design allows a ring in detector operation to sense the light emitted from a ring in laser operation. The room-temperature performance of the separate sensor elements is demonstrated in Figure 2 . Inner and outer rings exhibit single-mode laser emission around 1484/cm driven by 40 kHz/100 ns pulses with a peak power of 79 and 100 mW, respectively. Both rings show broadband detector absorption spectra with a main peak from 1200 to 1700/cm. A room-temperature peak responsivity of 1.2 mA/W is found for both rings at 1481/cm. This excellent spectral overlap enables efficient coupling of the light. The coupling scheme is explicated in the remote sensing setup illustrated in Figure 3 .
Surface normal light emerging from one of the rings is collimated by a lens and transits the 10 cm long gas cell before it is back-reflected by a flat gold mirror and travels on the same path back to the sensor chip, where it is detected by the other ring. This doubles the interaction length with the analyte compared to a single-pass configuration and can be used to measure in harsh environments. The detector signal is preamplified with 1 V/200 nA and then measured using a lock-in amplifier with its trigger signal coming from the chopper, spinning at 300 Hz, to filter the crosstalk between The spectra of the outer ring are shifted vertically to improve visibility. The DFB grating strongly influences the lasing procedure, eventually producing single-mode emission. In the detection scheme the DFB grating acts as a coupling element, resulting in a broadband absorption behavior. The accurate spectral overlap enables efficient coupling of light from the laser to the detector via surface emission and subsequent reflection. Figure 3 . Remote sensing setup. Light emitted from one ring of the sensor is collimated by a lens and travels through the gas cell. At the flat gold mirror it is back-reflected and propagates along the initial path in the reverse direction back to the sensor chip, where it is detected by the other ring.
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Letter laser and detector. Using this setup the sensor can be operated in two configurations, which are inverted to each other: (i) inner ring as detector and outer ring as laser; (ii) outer ring as detector and inner ring as laser. Figure 4 shows the performance of both configurations compared to an external detection scheme. These measurements were carried out without an analyte inside the gas cell. The emission characteristics of both rings are measured with the on-chip detector, i.e., the other ring, and with the external detection scheme utilizing a calibrated DTGS detector instead of the mirror. Both configurations clearly show the onset of lasing as well as an overall good agreement between the on-chip and external measurements. Small discrepancies are attributed to different on-chip coupling efficiencies.
As shown in Figure 2 , both rings exhibit similar detector performance because the absorption characteristics mainly depend on the quantum cascade heterostructure and the DFB grating simply couples the light to the active zone inside the cavity. On the other hand the emission in the lasing configuration strongly depends on the DFB grating and can be tailored accordingly. Our sensor features laser emission at 1484.3/cm and 1483.3/cm for the outer and inner ring, respectively. The corresponding laser spectra are shown in Figure 5 together with the absorbance spectra of the two analyte gases isobutene and isobutane, which were utilized for the proof-of-principle measurements. Isobutene possesses a linear absorbance behavior around both emission lines. Isobutane, on the other hand, exhibits a quadratic behavior with an increasing absorbance within the emission pulse of the inner ring. This should result in a stronger signal attenuation for the sensor configuration (ii). Figure 6a and b indicate the transmittance vs concentration for isobutene and isobutane, respectively. The on-chip detector signal was averaged over 120 data points with a lock-in time constant of 0.5 s. A good agreement with the theoretical prediction of the Beer−Lambert law is achieved over a concentration range of 0−16%. However, for higher concentrations a small deviation from the Beer− Lambert law is evident for the isobutane measurement. Explicit absorbance values are extracted from the measured data. They are given in the top right corner of each graph. Our data show a rather similar transmissive behavior for both gases in isobutene. This confirms the increasing absorbance curve from literature within the emission line of the inner ring laser. Altogether a good agreement between the literature and experimental absorbance values is observed. A 3σ limit of detection (LOD) of 397 ppm for isobutane in the configuration (i), without temperature stabilization of the sensor, was achieved. This performance is comparable to in-plane bifunctional sensors 18 for detection in liquids that deal with much shorter interaction regions and directly couple the light in and out via the facet. Compared with previously demonstrated sensor geometries, 19 the double-ring configuration exhibits an enhanced detection of the incoming light. This is attributed to the fact that the back-reflected light distribution incident on the sensor chip in the presented sensing setup is ring-shaped and can be best detected by a ring detector. Furthermore, this ring detector in turn can also be used as a laser. This increases the performance as well as the variety of applications. The demonstrated detection sensitivity is mainly limited by noise generated by electrical crosstalk. In order to improve the sensitivity, a reduction of the crosstalk is necessary, which can be realized by etching a deep trench between the inner and outer ring or by enabling continuous wave operation of the laser. A stronger tuning 27 of the laser wavelength in combination with a time-resolved detection scheme could further improve the sensitivity of the sensor. A multiwavelength array of these double-ring sensors would increase the selectivity of the presented prototype.
In summary, we present a compact and efficient remote sensor concept based on bifunctional and commutable quantum cascade lasers and detectors. This concept consists of two concentric ring waveguides with DFB gratings and provides room-temperature surface lasing and detection at two different wavelengths monolithically integrated on the same 
Letter chip. Two operation configurations are possible, with the inner ring as the detector and the outer ring as the laser and vice versa. We present proof-of-principle gas sensing experiments and reach a LOD of below 400 ppm for isobutane with our prototype. Quantum cascade lasers enable tailoring of the emission wavelength for many applications and various traceable analytes. Potential array integration facilitates multicolor spectroscopy. This sensor combines the versatility of quantum cascade heterostructures and favorable qualities of surface emission and detection to achieve long analyte interaction lengths with the compactness of a monolithically integrated remote sensor. Therefore, this concept could be suitable for compact hand-held remote sensors in a variety of fields.
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